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SUMMARY .

Experimental Investigation of Containment in

Constant-Temperature Radial-Inflow Vortexes
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Fxperimental Investigation of Contaimment in

Constant-Temperature Radial-Inflow Vortexes

SUMMARY

An experimental investigation was conducted to determine the containment
characteristics of radial-inflow vortexes for potential application to a vortex~-
stabilized nuclear light bulb engine. This engine concept is based on the
transfer of energy by thermal radiation from gaseous nuclear fuel contained in a
vortex through an internally cooled transparent wall to seeded hydrogen propellant.
A transparent buffer gas would be injected at the inner surface of the transparent
wall to drive the vortex and to isolate the wall from the fuel and fission products.

Tests were conducted using 10-in.-dia by 30-in.-long vortex tubes. Air used
to simulate the buffer gas was injected through ports in the peripheral walls of
the vortex tubes. Todine mixed with one of four other gases (helium, nitrogen,
sulfur hexafluoride or a heavy fluorocarbon, FC-TT7) was used to simulate the
gaseous nuclear fuel. The simulated fuel was injected at several different
locations: at one end wall without swirl through 10 small tubes; at one end wall
with swirl through 10 wall jets; or radially inward from the peripheral wall
through 12 small tubes at the axial mid-plane of the vortex tube. Flow was
removed through 1.0-in.-dia thru-flow ports at the center of one or both end
walls. Flow also was removed through l/8-in.-wide annuli at the outer edges of
both end walls (axial bypass) or through ports at the peripheral wall (peripheral
bypass). The amount and radial distribution of simulated fuel contained in the
vortex were determined using an axial light beam absorption technique.

The effects on contaimment of changes in the following were investigated:
(1) the geometry of the simulated-fuel injection configurations, (2) the number of
thru-flow ports used, (3) the radial Reynolds number (a measure of the amount of
flow withdrawn through the thru-flow ports) and the corresponding amount of bypass
flow, and (4) the molecular weight of the simulated fuel.




RESULTS AND CONCLUSIONS

When a helium/iodine mixture was used as simulated fuel, little or no
gimulated fuel was detected near the peripheral wall. The amount of
simulated fuel detected near the wall increased when heavier mixtures were
used. This result indicates that the favorable radial gradient of density
(density increasing with increasing radius) existing when the helium/iodine
mixture was used probably reduced turbulent diffusion of simulated fuel
outward toward the peripheral wall., If this hypothesis is correct, the
favorable gradients that would exist in the buffer region of a nuclear light
bulb engine due to radial temperature gradients should also reduce the
diffusion of fuel radially outward through the buffer-gas region.

Increasing the radial Reynolds number resulted in decreases in the amount of
simulated fuel near the peripheral wall. Also, for a given radial Reynolds
number, less simulated fuel was detected near the peripheral wall for
configurations employing axial bypass than for configurations employing no
bypass. However, it is expected that reductions in the amount of simulated
fuel near the peripheral wall could be obtained for no-bypass configurations
by using smaller simulated-buffer-gas injection areas than were used in this
test program.

Changes in the location at which thru flow was removed (a port at the center
of either end wall or ports in both end walls) did not significantly affect
contaimment. Thus, it is probable that only one thru-flow port would be
required in a nuclear light bulb engine.

Injection of simulated fuel at one end wall without swirl through 10 small
tubes at a radius of 2.5 in. was the most satisfactory simulated-fuel
injection configuration tested. Injection at one end wall with swirl and
injection radially inward from the peripheral wall at the axial mid-plane
resulted in significant simulated-fuel densities near the peripheral wall.




INTRODUCTION

One of the most interesting propulsion concepts for space travel in the
post-1975 time period is the gaseous nuclear rocket engine. 1In this engine
concept, heat is transferred by thermal radiation from a gaseous fissioning fuel
to a propellant such as hydrogen. Because of the high temperatures obtainable
in the gaseous fuel, such engines can theoretically provide values of specific
impulse on the order of 1500 to 3000 sec and thrust-to-weight ratios greater than
unity. The primary problems associated with such engines are the containment of
the gaseous fuel in a cavity and the transfer of heat from the fuel to the
propellant. The contaimment and heat transfer must be accomplished in a manner
such that conventional materials and cooling technigues may be used in the
contalmment vessel and exhaust nozzle.

Research on the characteristics of gaseous nuclear rockets has been carried
out at a number of Govermment laboratories (notably the NASA Lewis Research Center,
the Jet Propulsion Laboratory, the Aerospace Corporation, and the AEC Oak Ridge
National Laboratory) and at a number of private laboratories. The largest
research effort in a Govermnment laboratory is being conducted at the NASA Lewis
Research Center; this organization has concentrated on investigations of the
coaxial-flow reactor concept. The largest research effort in private industry -
has been conducted at the United Aircraft Research Laboratories (UARL). At
present, the purpose of the major portion of the research at UARL is to investi-
gate the feasibility of the nuclear light bulb engine concept (Fig. la). This
concept is based on the transfer of energy by thermal radiation from gaseous
nuclear fuel contained in a vortex to seeded hydrogen propellant passing external
to an internally cooled transparent wall located between the fuel-containment and
propellant regions. A transparent buffer gas, such as neon, is injected tangentk
to the inner surface of the transparent peripheral wall. The primary functions
of the buffer gas are to drive the vortex and to prevent nuclear fuel and
fission products from coming into contact with the transparent wall. Because
the transparent wall provides a physical barrier between the fuel and propellant,
the nuclear light bulb offers the possibility of perfect contalnment of fuel and
fission products. The work on this concept at the Research Laboratories has
been conducted under NASA contracts monitored by the Space Nuclear Propulsion
Office (Contracts NASw-8L4T and NASw-T768) and under Corporate sponsorship.

Fluid mechanics experiments have indicated that a radial-inflow vortex
appears especially promising for application to the nuclear light bulb engine.
The particular radial-inflow flow pattern of interest for this application is
characterized by a laminar radial stagnation surface across which there is no
convection (Fig. 1b). At this radius, all of the radial flow passes inward
through the end-wall boundary layers. The radial stagnation surface can be
located as far from the centerline as 80 to 90 percent of the radius of the
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vortex tube. In the central region of the vortex tube (inside of the radial
stagnation surface), recirculation cells occur. WNear the peripheral wall (outside
of the radial stagnation surface) the flow has a substantial axial component of
velocity. In the nuclear light bulb engine, the gaseous nuclear fuel would be
contained in the central region, and any fuel or fission products that diffused
radially outward across the radial stagnation surface would be carried axially
toward the end walls, down the end wall boundary layers, and out through a thru-
flow port (see Fig. la) into a fuel recycle system.

Many of the characteristics of radial-inflow vortexes have been investigated
in preceding studies at UARL (Refs. 1 through 14) and elsewhere (Refs. 15 through
19). A program in which flow patterns in radlal-inflow water vortexes were
investigated was conducted concurrently with the containment investigation
reported herein (see Ref. 20). The water-vortex program included investigation
of the use of axial bypass (flow removal through annuli at the outer edges of
the end walls) and peripheral bypass (flow removal through ports in the
peripheral wall) as a means for controlling the location of the radial stagnation
surface. It was found that, even with no bypass, the radius of the radial
stagnation surface could be substantially increased by using very small
peripheral-wall injection areas for the simulated-buffer gas. It was also found
that the trends observed in the experiments could be predicted using the theory
of Ref. 1; that is, the effects of changes in peripheral-wall injection area,
radial and tangential Reynolds number, and amount of bypass on the radial location
of the radial stagnation surface were in agreement with the trends predicted

using the theory.

The primary obJjectives of the gas-vortex test program reported herein were
to determine the effects of changes in the geometry of the vortex tube and
varilous flow conditions on the amount of simulated fuel contained in the vortex
and its radial distribution. In particular, it was desired to determine the
effects on cohtaimment of changes in the following: (1) the geometry of the
simulated-fuel-injection configuration, (2) the number of thru-flow ports,

(3) the radial Reynolds number and amount of bypass flow, and (4) the molecular
weight of the simulated fuel.




TEST EQUIPMENT

Most of the test equipment employed in the present investigation was used in
preceding work under Contract NASw-8LT and was described in detail in Ref. 21.
The essential features of this equipment and details of new test equipment which
was constructed are presented in this section.

High Reynolds Number Test Facility

The high Reynolds number test facility which was employed in the tests of
Ref. 21 was modified for use in this investigation. A schematic dlagram of the
facility is shown in Fig. 2. As shown in the schematic diagram, there are three
principal flow systems: the simulated-fuel supply system, the simulated-buffer-
gas supply system, and the test section and exhaust system.

The simulated-fuel supply system provides a metered quantity of simulated
fuel to the test section at the pressure, temperature, and weight-flow rate
required for a particular flow condition. TFor the tests reported herein, the
simulated fuel consisted of a mixture of gaseous iodine and any one of four
carrier gases: helium (molecular weight mp &~ 5 for the mixture), nitrogen
(mp = 29), sulfur hexafluoride (mp = 146), and a heavy fluorocarbon vapor, FC-TT
(a 3M Company product; mp & 400). To prevent condensation of the gases, the
simulated fuel was heated to approximately 320 F and the pressure in the vortex
tube was maintained at 0.9 to 1.0 atm. When a mixture of iodine and helium,
nitrogen, or sulfur hexafluoride was used, these gases were heated in the
carrier gas preheater shown in Fig. 2. When a mixture of lodine and FC-TT was
used, FC~TT vapor was produced from liquid FC-TT in the specially constructed
fluorocarbon boiler included in the diagram (Fig. 2). Gaseous iodine was
produced in a similar manner. Valves in the simulated-fuel supply system provide
control of the fraction of iodine in the simulated-fuel mixture. Control of the
amount of iodine is essential to obtaining maximum accuracy of the light
absorptometers which were used to determine the density of iodine in the simulated
fuel.

The simulated-buffer-gas supply system provides a metered quantity of air
from an atmospheric inlet to the test section at the pressure, temperature, and
weight-flow rate required for a particular flow condition. A combination steam
and electric heater is used to heat the air to the desired temperature of
approximately 300 F.

The test section in which the vortex tubes were mounted consists of a 20-in.-
ID by 30-in.-long outer cylindrical shell with end flanges. (Details of the
vortex tubes employed in this investigation will be described in a following
section.) The simulated-buffer gas flows through the outer cylindrical shell and



directly into the injection plenum, an annular space between the vortex tube and
the outer cylindrical shell (Fig. 2). The exhaust system congists of valves and
associlated piping necessary to connect the test section to vacuum pumps.

Axial Absorptometer

An axial light beam absorption technique was used to determine the amount of
simulated fuel contained and the radial distribution of simulated-fuel density
and partial pressure within the vortex tube. Figure 3 is a schematic diagram of
the axial absorptometer showing the optical system. It consists of a 100-watt
zirconium arc lamp light source located at the focal plane of two 6-in.-dia £/8
parabolic mirrors (only one is visible in the top view of Fig. 3), a beam
selector and scanner, plane mirrors mounted on each of the vortex-tube end walls,
a 15-in.-dia f/1.5 focusing lens, an interference filter (40 X half-width with
peak transmission at 5250 ﬁ), and an RCA 6655A photomultiplier tube. ILight from
the arc lamp reflects from the parabolic mirrors to form two 6-in.-dia parallel
light beams. The light beams strike the beam selector which is a flat plate on
the scanner that has two small (approximately 3/16-in.-dia) holes drilled 5 1/2
in, apart. Light passing through this plate is in two narrow collimated light
beams. The diameter of each light beam can be adjusted by an iris on the plate,
and a sliding shutter 1s used to alternately block the light of each beam. The
narrow light beams pass axially through glass windows in the end walls of the
vortex to the focusing lens and the photomultiplier tube.

Using this absorptometer, the amount of light absorbed by the iodine at a
given radius of the vortex tube was measured. The amount of light absorbed is
proportional to the axially-averaged iodine density and, hence, provides a
measurement of the simulated-fuel density. The light beam was continuously
traversed along the vertical diameter of the vortex tube to determine the radial
distribution of simulated fuel. The amount of simulated fuel stored in the
vortex was determined from the radial distribution of simulated-fuel density.
Further details of the absorptometer and a discussion of the principle of
operation are presented in Ref., 21.

Vortex Tubes

Two vortex tubes were employed in this investigation. These tubes were
designated by theilr respective simulated-buffer-gas-injection geometries, viz.,
the directed-wall-jet vortex tube and the multiple-fixed-port vortex tube. The
directed-wall-jet vortex tube was employed for all except one series of tests
reported herein, and has been used in preceding tests reported in Ref. 21.

A photograph of the directed-wall-jet vortex tube partially installed in the
test section of the high Reynolds number test facility is shown in Fig. La. This
vortex tube 1s a 10-in.-ID by 30-in.-long steel tube which has provision for




installation of up to 900 directed-wall-jet inserts in the peripheral wall.
Figures 5a and 6a show details of the directed-wall-jet geometries that were used.
The inserts were distributed in 5 axial rows spaced at T2 deg intervals around
the periphery of the vortex tube. Two different distributions of directed-wall-
jet inserts were used; one had 30 inserts in each row and the second had 15
inserts in each row. All inserts were oriented such that the direction of
simulated~-buffer-gas injection was circumferential. The injection area per

insert was 0.0225 sq in., and hence the total simulated-buffer-gas injection
areas were Aj = 3.38 and 1.69 sq in.

The multiple-fixed-port vortex tube was used only in the series of tests in
which different simulated-fuel injection geometries were investigated. A
photograph of thils vortex tube partially installed on the test facility is
presented in Fig. Ub. Details of the simulated-buffer-gas-injection geometry are
presented in Figs. 5b and 6b. The multiple-fixed-port vortex tube is also a
10-in.-ID by 30-in.-long steel cylinder. This vortex tube has L4284 0.062-in.-dia
holes drilled inward at an angle of 19 deg with respect to the local tangent (see
Fig. 6b). Twenty-four holes located at each of 119 axial stations along the
length of the vortex tube were used for injection. An additional 12 rows were
covered by peripheral bypass plenums (see Figs. 4b and 5b) located at 90-deg
intervals around the periphery. The bypass plenums provide for removal of a
portion of the injected simulated-buffer gas through the peripheral wall. Thus,
the simulated-buffer-gas injection area for this vortex tube was Aj = 8.75 sq in.

The two vortex tubes were tested with different simulated-buffer-gas
injection areas, bypass configurations, thru-flow removal configurations, and
simulated-fuel injection configurations to form different "vortex tube geometries.”
A summary of the vortex tube geometries tested is presented in Table T. Most of
the tests were conducted in the directed-wall-jet vortex tube with end walls that
allow thru-flow removal through 1.0-in.-dla ports at the centers of both end walls
and axial bypass flow removal through l/8-in.-wide anmuli at the outer edges of
both end walls. The simulated-fuel-injection configuration which was employed
consisted of ten 0.1-in.-ID by 0.125-in.-long tubes located in a 5-in.-dia ring
on the left end wall (see Figs. Ta and 8a). These tubes provided simulated-fuel
injection in the axial direction only.

For the tests to investigate different simulated-fuel injection configurations,
the multiple-fixed-port vortex tube, which has provision for peripheral bypass
(see Fig. 5b), was used. Only the right end wall had provision for thru-flow
removal through a 1.0-in.-dia port at its center. Two different simulated-fuel
injection end walls (the left end wall) were used; these are shown in Figs. 7 and
8. One configuration (Figs. Ta and 8a) was also used with the directed-wall-jet
vortex tube geometry and was described previously. The second configuration
(Figs. Tb and 8b) provided injection with swirl through ten directed-wall-jet
inserts that injected simulated fuel only in the circumferential direction. For




a third simulated-fuel injection configuration (Figs. Tc and 8c), nothing was
injected at the left end wall, but simulated fuel was injected in the radial
direction through twelve 0.10-in.-ID by 0.5-in.-long tubes in an injector ring on
the peripheral wall at the axial mid-plane of the vortex tube.




TEST AND DATA-REDUCTION PROCEDURES

Test Procedures

The flow condition for a typical contaimment test was specified by a fixed
vortex tube geometry operating with fixed Reynolds numbers and fixed weight-flow
rates of the simulated-buffer gas and simulated fuel. Vortex tube geometry was
specified by the simulated-buffer-gas-injection configuration, the configuration
for bypass and thru-flow removal, and the simulated-fuel-injection configuration.
For tests employing the directed-wall-jet vortex tube, the simulated-buffer-gas-
injection area was also specified.

For tests described herein, the temperature of the simulated-buffer gas at
injection was approximately 300 F and the total pressure was between 0.9 and 1.0
atmospheres. Air was used as the simulated-buffer gas in all the tests; thus,

Py = 005 1o/ft3 and fty = 1.6 x 102 1b/ft-sec. The Reynolds numbers were varied
by changing the simulated-buffer-gas weight-flow rates.

The tangential injection Reynolds number is defined as

Reg, =t - 2 (1)

B J B
where Py and/LB are the density and laminar viscosity of the simulated-buffer gas
at injection, Ty is the radius of the vortex tute, WB is the simulated-buffer-gas
weight-flow rate, and V, . is the average simulated-buffer-gas-injection velocity.
This Reynolds number is 4°measure of the angular momentum of the simulated-buffer
gas at injection into the vortex tube. In this investigation, simulated-buffer-
gas weight-flow rates were varied from approximately 0.013 to 0.60 lb/sec, and
tangential injection Reynolds numbers were varied from approximately 30,000 to
approximately 300,000,

The flow rate of the mixture of simulated-buffer gas and simulated fuel
through the thru-flow ports was expressed in terms of a radial Reynolds number.
This Reynolds number is defined as

W
B, TF
Re,. = === (2)
r o 2m
g
where W is the total weight-flow rate (assumed to be entirely simulated-

B
buffer gég§ through the thru-flow ports and L is the length of the vortex tube.
Radial Reynolds numbers in this investigation were varied from O to approximately
220.



The contaimment tests were conducted in the following manner. For a given
vortex tube geometry, both the simulated-buffer-gas and simulated-fuel flow rates
were set. The light beam of the axial absorptometer was traversed along the
vertical diameter of the vortex tube at least twice to verify that the total
amount of simulated fuel within the vortex tube was constant (i.e., that a
steady-state condition had been reached). The time required for a single traverse
of the axial light beam was approximately 20 seconds (many times the average
residence time for the simulated fuel within the vortex tube). After the
existence of steady-state conditions had been verified, repeated traverses were
made to measure the radial distribution of simulated fuel in the vortex tube.

The flow rates were then reset for the next flow condition and the process was
repeated.

Data~Reduction Procedures

One measure of the contalmment characteristics of a confined vortex flow is
the average simulated-fuel density, p.. (i.e., a volume averaged simulated-fuel
density based on the amount of simulated fuel contained within the vortex tube).
This average density is given by

o

Py = (3)
where)k% is the amount of simulated fuel contained in the vortex tube and V is

the total volume of the vortex tube. The amount of simulated fuel contalned was
determined by averaging data obtained from radial traverses both above and below
the centerline of the vortex tube. For most tests reported herein, the average
value of simulated fuel stored differed from the value determined from individual
upper and lower traverses by less than +15 percent., A detailed description of

the technique employed to determine the amount of simulated fuel contained within
a vortex tube by this method and sample calculations are presented in Appendix III
of Ref. 21.

A second containment parameter, related to the previously discussed average
simulated-fuel density, 1s the average partial pressure of simulated fuel. This
parameter was obtalned directly from the average simulated-fuel density by
employing the ldeal gas equation of state. The molecular weight My of the
simulated~fuel mixture was determined from the following equation for ideal gas
mixtures:

oy = Wp W, ()
—— o} ect—
Wpmp  Wpm,
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Then, the average partial pressure of the simulated fuel is given by

PFRTy

I

Pp = (5)

A third containment parameter, closely related to the average simulated-fuel
partial pressure, is the ratio of §F to the total pressure, Py, in the vortex tube.
This ratio is important because it is directly related to the pressure at which a
nuclear light bulb engine must operate (i.e., for a given fuel density required
for the critical mass, the total pressure necessary in the engine is determined
by the ratio of the average fuel partial pressure to the total pressure in the
vortex tube). It was assumed that the radial variation of total pressure within
the vortex tube was small compared with the absolute total pressure in the vortex
tube and hence, a single value of total pressure was used in determining the ratio
of the average simulated-fuel partial pressure to the total pressure at all radii.

Some tegt results are discussed in terms of the secondary flow parameter, Btﬂ
This parameter was originally developed from theoretical considerations in Ref. 1
and was investigated in some detail in the water-vortex investigation reported in
Ref. 20. It has been found useful as an indication of the flow patterns which
are likely to exist in vortex tubes for given Reynolds numbers and length-to-
diameter ratios. From Ref. 1,the expression for Bt is given by

o Rey 0.8

= = 2D

Bt L Ren (6)
where Re is an empirically determined tangential Reynolds number for the

vortex fldw. It is related to the tangential injection Reynolds number, Ret j,of
the simulated-buffer gas by ’

Re = Re EELE (7)
t,D t,d V¢,j

where Y# is the average tangential velocity at the vortex tube peripheral wall

determiné by extrapolating velocity distribution measurements to the wall (see

discussion in Ref. 20). The average simulated-buffer-gas-injection velocity V¢ 3
J

is determined from

W
V¢) . = B (8)
sd PBAj

Values of the secondary flow parameter have been determined for most tests
reported herein and are shown on the figures where the data are presented. These
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values ath were determined in the following manner. Figure 9 in Ref. 20 gives
a variation of velocity ratio'V¢ p/E# . with peripheral-wall injection area for
a range of tangential injection Reynoias number and vortex tube geometries similar
to those for the gas-vortex tests reported herein. From this figure, velocity
ratios were determined for each of the vortex tube geometries employed in this
study. Having determined the velocity ratio, the value ofBt was calculated using
Eq. (6) (Rey and Re, ; were known from the test conditions and Rey . was
determined from Eq. f%)). The test conditions in Ref. 20 were sigﬁlficantly
different from those employed in this investigation (in Ref. 20, a water vortex
was used and the data were obtained using s configuration which did not have
injection of simulated fuel). However, it is believed that Bt provides an
indication of the flow patterns which existed during tests conducted in this
investigation. The approximate location of the radial stagnation surface as a
function of the secondary flow parameter 1s presented in Fig. 17 of Ref. 20 for
several peripheral-wall injection areas. This figure was used where appropriate
as an aid In interpreting the measured simulated-fuel density distributions in
the present study. A radial stagnation surface occurs when the weight-flow rate
in the end-wall boundary layer is equal to the weight-flow rate of the thru-flow.
It is implied that at this radius the net radial velocity in the primary flow is
zero, and that radial convection of simulated fuel does not occur across the
stagnation surface.




DISCUSSION COF RESULTS

The results are presented in five sections. 1In the first two sections (Figs.
9 through 12), the results of preliminary tests that resulted in selection of a
simulated-fuel-injection configuration and a thru-flow configuration for following
tests are presented. In the last three sections (Figs. 13 through 23), results
are presented which indicate the effect on containment of changes in the radial
Reynolds number, tangential injection Reynolds number at a constant radial
Reynolds number, and the molecular weight of the simulated fuel.

Tests with Different Simulated-Fuel-Injection Configurations

These tests were conducted using the multiple-fixed-port vortex tube with
peripheral bypass and thru-flow withdrawal at the right end wall only (see Table I
and Figs. 4b, Sb, and 6b). Three simulated-fuel-injection configurations were
tested: injection from the left end wall without swirl, injection from the left
end wall with swirl, and injection from the peripheral wall at the axial mid-plane
(see Figs. Ta, b, and c, respectively). A fluorocarbon/iodine mixture was used as
simulated fuel; the molecular weight of the mixture was approximately 400.

The results shown in Fig. 9 indicate that end-wall injection without swirl
was slightly better than end-wall injection with swirl (compare the open and
solid circle symbols). For a given radial Reynolds number (Rer), higher values
of average simulated-fuel density (ﬁF) and average simulated-fuel partial
pressure (ﬁF) were obtained without swirl injection than with swirl injection.
The shapes of the three curves for the two different end-wall injection configu-
rations are similar. Increases in radial Reynolds number result in decreased
contaimment. The shape of the curve for injection of simulated fuel at the
peripheral wall is different from the curves for the end-wall injection configu-
rations. TInitial increases in radial Reynolds number resulted in increased
amounts of simulated fuel contained up to Rer = 100; further increases in Rer
resulted in decreased contaimment. This variation with radial Reynolds number
of the amount of simulated fuel contained also provides an indication of the
primary simulated-fuel loss mechanism. At low Rer, a large fraction of the
simulated fuel stays out near the peripheral wall and is lost through the
peripheral bypass ports. As Rer increases, more simulated fuel moves radially
inward away from the peripheral wall, and therefore losses through the peripheral
bypass ports decrease. As Rer is increased above 100, an increasing amount of
simulated fuel is drawn into the core on the centerline of the vortex and is
then lost through the thru-flow port.

Typical radial distributions of simulated-fuel density and partial pressure

fram the tests of Fig. 9 are shown in Fig. 10. Data were not obtained at radius
ratios less than r/rl = 0.10 due to blockage of the axial light beam by the
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thru-flow port and ducting. The data presented are for a radial Reynolds number

of about 100 which corresponds to the optimum value for the configuration with
simulated-fuel injection at the peripheral wall (see Fig. 9). These distributions
verify that the manner in which the simulated fuel distributes itself in the vortex
depends strongly upon the simulated-fuel-injection configuration.

In Fig. 10, the distribution for end-wall injection without swirl (open
circles) indicates more simulated fuel near the center of the vortex tube than
does the distribution for end-wall injection with swirl (solid circles). Thus,
injection of the simulated fuel in the axial direction as in the no-swirl configu-
ration appears to be necessary to cause a high concentration of simulated fuel in
the central region of the vortex tube. For some cases, injection of the simulated
fuel with swirl resulted in periodic pressure fluctuations in the thru-flow ducts.
It is believed that these pressure fluctuations were due to a flow instability
similar to that described in Ref. 9. In the tests of Ref. 9 it was observed that
under some conditions the annulus of simulated fuel began to rotate eccentrically
about the centerline of the vortex tube. The amplitude of this motion increased
with increasing simulated-fuel weight-flow rate until the annulus deteriorated
and the amount of simulated fuel contained decreased sharply. Reasons for the
occurrence of this instability are not completely understood. In the present
program, pressure fluctuations were only observed for simulated-fuel injection
from the end wall with swirl. In the tests of Ref. 9 the instability and pressure
fluctuations occurred when the simulated fuel was injected through a slngle tube
passing through the peripheral wall at the axial mid-plane.

On the basis of these results, it was decided to employ simulated-fuel
injection from the left end wall without swirl in all following tests.

Tests with Different Thru-Flow Configurations

This series of tests was conducted using the directed-wall-jet vortex tube
with axial bypass and with simulated-fuel injection from the left end wall without
swirl (see Table I and Figs. 4a, 5a, 6a, Ta, and 8a). During these tests, thru
flow was withdrawn at the left end wall only, at the right end wall only, and at
both end walls simultaneously. The total simulated-buffer gas injection area was
A. = 3.38 sq in. and the radial Reynolds number was about 100. A sulfur-
héxafluoride/iodine mixture (molecular weight of about 146) was used as the
simulated fuel.

The results are shown in Figs. 11 and 12. The data indicate that changes in
the number of thru-flow ports employed had very little effect on the average
simulated-fuel densities and partial pressures that were obtained (Fig. 11).
Moreover, the typical radial density distributions in Flg. 12 indicate that the
number of thru-flow ports employed does not have a significant effect on the
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radial distribution of simulated fuel either. On the basis of these results, it
was concluded that the number of thru~flow ports employed was not significant and,
hence, all following tests were conducted with thru-flow removal at both end walls.

Tests with Different Radial Reynolds Numbers

In these tests and all following tests, the directed-wall-jet vortex tube was
used (see Table I and Figs. ha, 5a, 62, Ta, and 8a). The simulated fuel was a
sulfur-hexafluoride/iodine mixture having a molecular weight about 1h46.

The effects of changes in radial Reynolds number on containment are shown in
Fig. 13. Increases in Py with increases in W (i.e., with decreases in wB/WF’
since WB was held constant for these tests) were obtained for all radial Reynolds
numbers. The results indicate that, at all values of WB/WF, the tests at a radial
Reynolds number of approximately 106 yielded the highest values of average
simulated-fuel density. Thus, there is a trend of increasing ﬁF with initial
increases in Rep up to Rep = 106, then decreasing Py With further increases in Re..
Trends similar to this were observed previously for configurations having peripheral
bypass, instead of axial bypass, and simulated-fuel injection from the peripheral
wall, instead of from the end wall without swirl (see the curve with the square
symbols in Fig. 9; see also Ref. 9 and Appendix I of Ref. 21). ©No such trends have
been observed for configurations having peripheral bypass and simulated-fuel
injection from the end walls with and without swirl (see the other three curves in
Fig. 9). Thus, it does not appear possible to identify the factors leading to the
trend shown in Fig. 13 from the data taken to date.

Four distributions of simulated-fuel density within the vortex tube are shown
in Fig. 14. The distributions presented correspond to those data points in Fig. 13
for which WB/WF was approximately 31. As the radial Reynolds number was increased,
the amount of simulated fuel near the peripheral wall was decreased due to the
increased radial inflow, and the amount in the central reglon was increased.

Corresponding values of the secondary flow parameter for these flow conditions
are shown in the table in Fig. 14. As discussed in the section entitled "TEST AND
DATA-REDUCTION PROCEDURES," it is possible to estimate the radius of the radial
stagnation surface from estimates ofl?t. These estimates indicate that this
radius ratio would vary from ry/r; = 0.5 at Re, = 209 (B, = 28) to ro/ry = 0.7 at
Re = 106 (ﬁ% = 55). The distributions in Fig. 14 for Re, = 209 and 106 indicate
that the density of the simulated fuel decreased rapidly with increasing radius
approximately up to radius ratios equal to those estimated for the location of the
radial stagnation surface. Also note in Fig. 14 that the distributions for
Rey = 5k (By = 109) and Re, = 0 (B; = ®©) are relatively flat, indicating the
possible absence of a well-defined radial stagnation surface. These results at
high values of',Bt are also in qualitative agreement with the results of Ref. 20.
In Ref. 20, for a vortex tube configuration with axial bypass, laminar radial

15



stagnation surfaces were not observed for values of B. greater than about 65. As
Bt was increased above this value, the stagnation surfaces deteriorated and were
no longer discernable.

Tests with Different Tangential Injection Reynolds Numbers

In the preceding tests, the radial Reynolds number was changed while the
simulated-buffer-gas weight flow rate (and therefore the tangential injection
Reynolds number) was held approximately constant. For comparison with the results
of the preceding tests, a few tests were conducted in which no bypass flow was
removed, but the tangential injection Reynolds number was varied. The directed-
wall-jet vortex tube with a simulated-buffer-gas injection area of A, = 1.69 sq in.
was used. The simulated fuel was a nitrogen/iodine-mixture having a molecular
weight of approximately 29.

Containment data for three simulated-buffer-gas weight-flow rates which
provided three tangential injection Reynolds numbers and radial Reynolds numbers
are presented in Fig. 15. Since no bypass flow was used, the tangential
injection Reynolds number and radial Reynolds number could not be independently
changed. To obtain the data for Fig. 15, Re, was varied from 56 to 21k; Bt was
very low and only varied from 14.9 to 11.2 (it can be shown that for a fixed
vortex tube geometry,/?t'“ Rer'o'g). The data in Fig. 15 do not show any
significant effect of Re¢¥. on contalnment, primarily because the values of[?t are
so low. It is shown in Re¥s.l and 20 that these low values of (3, correspond to
vortex flow patterns for which no radial stagnation surface would occur; instead,
a strong radial inflow is produced in the vortex tube. Corresponding tests at
higher values of Bt and no thru-flow could not be performed with the existing
vortex test equipment because the injection area was too large.

Radial distributions of simulated-fuel density for the three simulated-
buffer-gas weight flow rates of Fig. 15 are shown in Fig. 16. These distributions
are all at the same simulated-fuel weight flow rate. The value of‘Bt is
approximately constant for these three distributions and, according to theory, the
flow patterns within the vortex tube with no secondary injection should be similar.
However, Fig. 16 indicates that substantial differences existed in the density
distributions. At the lowest simulated-buffer-gas weight-flow rate (WB = 0.0132
lb/sec), the simulated-fuel density near the peripheral wall was relatively high.
As Wy increased, the density of the simulated fuel near the wall decreased. This
implies that different flow patterns were produced as WB was increased. However,
since the changes in WB cause such small changes iIlBt, they alone would not be
expected to cause changes in the flow patterns. It is apparent that an interaction
with the simulated fuel that is injected into the vortex must cause the changes.
This is evidence that even though E% appears to predict some trends observed in
the data, account must also be taken of the disturbance due to the simulated-
fuel injection.
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It is important to note that the presence of gsimulated fuel near the peripheral
wall in these tests does not mean that a satisfactory no-bypass configuration cannot
be obtained. Tt was shown in Refs. 1 and 20 that values of,Bt greater than 20 or
25 are required to establish a flow pattern having a radial stagnation surface.
Therefore, by decreasing the peripheral-wall injection area to values less than
those used in the present progra.m,,Bt could be increased and radial stagnation
surfaces should be established with no bypass. This should result in reductions
in the amount of simulated fuel near the peripheral wall. However, since it hag
been found that these two-component flows are influenced by WB/WF, it is difficult
to estimate just how much the injection area should be decreased.

Radial distributions of simulated-fuel density sre shown in Fig. 17 for two
test conditions for which the radial Reynolds number and the simulated-fuel weight-
flow rate were not changed, while the tangential injection Reynolds number was
changed from 59,100 to 268,000 and the corresponding amount of axial bypass was
changed from O percent to 79 percent. The values of B+ for these two tests were
12.8 for the configuration without bypass and 43.1 for the configuration with
bypass. These distributions show that the simulated-fuel density near the
peripheral wall was lower with a [B; of 43.1 than with a By of 12.8. However, as
previously discussed, it is expected that decreases in the simulated-buffer-gas
injection area in the no-bypass configuration would result in a distribution of
simulated fuel which would be more like that shown in Fig. 17 for the higher value
of Bt'

Tests to Determine Effects of Changes in Molecular Welght of Simulated Fuel

To determine the effects of changes in the molecular weight of the simulated
fuel on contaimment and, in particular, on the radial distribution of simulated-
fuel density, tests were conducted using the following simulated fuels: (1) helium/
iodine mixture, my = 5; (2) nitrogen/iodine mixture, my ~ 29, and (3) sulfur-
hexafluoride/iodine mixture, My & 146. The directed-wall-jet vortex tube was used
with two simulated-buffer-gas injection areas (Aj = 1.69 and 3.38 sq in.). All
tests were conducted at a radial Reynolds number of approximately Re,, = 110.

The results of these tests are presented in Figs. 18 through 23. The
containment data (Figs. 18, 20 and 22) all show the same trend observed in
preceding tests; ﬁF‘and'iF decreasing with increasing WB/WF. The containment
data in Fig. 18 for the helium/iodine mixture indicate that values of average
partial pressure ratios between approximately 0.04 and 0.16 were obtalned. This
is a significant result because these average simulated-fuel partial pressure
ratios are only slightly less than the values required for the specific nuclear
light bulb engine described in Ref. 22 (?F/Pl = 0.21, when By 1s based on entire
vortex tube volume).

The simulated-fuel density distributions in Fig. 19 for the helium/iodine
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mixture indicate that most of the simulated fuel was contained inside a radius
ratio of approximately 0.6, and that no simulated fuel was detected outside a
radius ratio of 0.8. This result is also significant because it indicates that
when there is a strong favorable radial gradient of density (density increasing
with increasing radius), there is little diffusion radially outward near the
peripheral wall. In the nuclear light bulb engine, strong radlal density gradients
would occur in the buffer-gas region due to temperature gradients. These density
gradients would be relied upon to prevent turbulent diffusion of fuel outward
toward the transparent wall.

Comparison of Figs. 19, 21, and 23 indicates that as the molecular weight of
the simulated fuel increased from 5 to 146, the radius of the central region of
high simulated-fuel density decreased from approximately 0.6 to 0.4k times the outer
radius of the vortex tube. Also, as the molecular weight of simulated fuel
increased, the average density of simulated fuel which was detected near the vortex
tube peripheral wall increased.
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LIST OF SYMBOLS

Simulated-buffer-gas injection area, sq in. or sq ft
Simulated-fuel injection area, sq in. or sqg ft

Diameter of vortex tube, ft or in.

Length of vortex tube, ft or in.

Molecular weight of carrier gas in simulated-fuel mixture (Eq. (4))
Molecular welght of simulated fuel

Molecular weight of iodine, 254 (Eq. (L))

Total pressure at vortex tube periphery, lb/ft2

Local simulated-fuel partial pressure, lb/ft2

PFRTL 2
Average simulated-fuel partial pressure, ——=, 1b/ft
i

Universal gas constant, 1545 ft lb/mole—deg R

W
Radial Reynolds number, B’TF, dimensionless

ZmuBL
Tangential injection Reynolds number based on average injection velocity,
pBV¢,jrlﬁiB, dimensionless

Tangential Reynolds number based on velocity at peripheral wall,
PBV¢ prlﬂLB’ dimensionless
>

Local radius from centerline of vortex tube, ft or in.

Radius of radial stagnation surface (see Fig. 1 and Ref., 20), ft or in.
Radius of vortex tube, ft or in.

Temperature of simulated-buffer-gas at injection, deg R

Volume of vortex tube, 7r 2L, £t3

1

Average simulated-buffer-gas injection velocity into vortex tube,
WB/PBAj’ ft/sec

22




V¢,p

Tangential velocity at peripheral wall of vortex tube after injected
flow has been slowed down due to peripheral-wall friction, diffusion,
and jet mixing, ft/sec

Welght flow rate of simulated-buffer gas, lb/sec

Weight flow rate of simulated-buffer gas removed through thru-flow ports,
1b/sec

Weight-flow rate of carrier gas in simulated-fuel mixture, 1lb/sec

Welght-flow rate of simulated-fuel mixture, W, + W 1b/sec

I’
Weight~flow rate of iodine in simulated fuel mixture, lb/sec
Total amount of simulated fuel contained in vortex tube, 1b

Secondary flow similarity parameter, (D/L)(Ret ;18)
b4

/Rer, dimensionless
Density of simulated-buffer gas at injection, lb/ft3

Local simulated-fuel density at a given radius, lb/ft3

Average simulated-fuel density, Ib/ft3

Laminar viscosity of simulated-buffer gas, lb/ft-sec
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FIG. 1

SCHEMATIC DIAGRAMS OF NUCLEAR LIGHT BULB ENGINE
AND DESIRED FLOW PATTERN

a) UNIT CAVITY OF NUCLEAR LIGHT BULB ENGINE

INTERNALLY COOLED
TRANSPARENT WALL

BUFFER-GAS INJECTION
ALONG WALL

THERMAL
RADIATION

...........

NUCLEAR FUEL

NEON BUFFER GAS

SEEDED HYDROGEN
PROPELLANT

b) RADIAL-INFLOW FLOW PATTERN

J—= =

< T
THRU-FLOW t D J RECIEEEIEATION
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FIG. 2
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FIG. 3
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PHOTOGRAPHS OF VORTEX TUBES

a) DIRECTED-WALL-JET VORTEX TUBE

DIRECTED-WALL-JET INSERTS INJECTION SLOT

.\'(“ l“ ke,

TEST-SECTION END FLANGE BLANK INSERTS

b) MULTIPLE-FIXED-PORT VORTEX TUBE

PERIPHERAL BYPASS PLENUMS (4)

/‘BYPASS FLOW DUCTS (4)

SIMULATED-BUFFER-GAS INJECTION PORTS TEST-SECTION END FLANGE
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FIG. 5
DETAILS OF VORTEX TUBES

SEE FIG. 6 FOR DETAILS OF SIMULATED-BUFFER-GAS
INJECTION CONFIGURATIONS AND FIGS, 7 AND 8 FOR DETAILS
OF SIMULATED~FUEL INJECTION CONFIGURATIONS

ALL DIMENSIONS IN INCHES

a) DIRECTED-WALL-JET YORTEX TUBE WITH AXIAL BYPASS

— 1.0-IN.-ID THRU-FLOW PORTS (BOTH END WALLS)

TYPICAL WALL JETS: 15 0R 30

JETS PER AXiAL ROW
SECTION A-A

NS SSNNSSSNNNSNNNN

DIRECTED-WALL~JET INSERTS; 0.125~IN.~WIDE ANNULLUS FOR
5 AXIAL ROWS EQUALLY SPACED REMOVAL OF AXIAL BYPASS FLOW
AROUND PERIPHERY

b) MULTIPLE-FIXED~-PORT YORTEX TUBE WITH PERIPHERAL BYPASS

SECTION B-B
PLENUMS FOR PERIPHERAL B ~— 1.0-IN.~ID THRU-FLOW PORT
BYPASS (ONE END WALL ONLY)

INJECTION PORTS; 24 AXIAL
ROWS, 119 PORTS PER ROW



FIG. 6 °
DETAILS OF SIMULATED-BUFFER-GAS INJECTION CONFIGURATIONS

SEE FIG. 5 FOR DETAILS OF VORTEX TUBES
ALL DIMENSIONS IN INCHES

a) DIRECTED-WALL-JET INJECTION

DIRECTED-WALL-JET INSERT SLOT HEIGHT = 0.045

OUTER CYLINDRICAL CAP

SHELL

[« INSERT
BASE

SLOT WIDTH- 0.50

INNER WALL OF
VORTEX TUBE

INSERT MAY BE ROTATED FULL DETAILS OF INSERT
360 DEG (ONLY CIRCUMFERENTIAL

INJECTION USED FOR THIS

TEST PROGRAM)

b) MULTIPLE-FIXED-PORT INJECTION

OUTER CYLINDRICAL SHELL

INJECTION HOLES
AT EACH OF 119 AXIAL STATIONS

INNER /ALL OF

VORTEX TUBE
DIRECTION OF
LOCAL TANGENT




DETAILS OF SIMULATED~FUEL INJECTION CONFIGURATIONS FIc.7

SEE FIG.5 FOR DETAILS OF VORTEX TUBES AND FIG. 8 FOR PHOTOGRAPHS
ALL DIMENSIONS IN INCHES

a) INJECTION FROM END WALL WITHOUT SWIRL

SECTION A~A

A ————
INJECTION IN AXIAL
DIRECTION ONLY PR '
P |
Y THRU-FLOW p !
PORTS(2)
—— b= 0.125 A ]
- 30 -
10 TUBES: 0.10-IN.=ID,
0.125-IN.~LONG
b) INJECTION FROM END WALL WITH SWIRL
SECTION B-B B .,
I E
)
i
|
B ——
30

10 WALL JETS: SLOTS
0.5~IN.~WIDE BY 0.045-
IN.~HIGH (SEE FIG. 6q)

c¢) INJECTION FROM PERIPHERAL WALL
SECTION C-C INJECTOR RING\ C -

INJECTION IN S =
RADIAL DIRECTION \ !
ONLY '

. 1
]
: , !
==

12 TUBES: 0.10-IN.-1D,
0.5~IN.-LONG
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FIG. 8
PHOTOGRAPHS OF SIMULATED-FUEL-INJECTION CONFIGURATIONS

SEE FIG.7 FOR DETAILS
a) END WALL FOR INJECTION WITHOUT SWIRL

AXIAL-FLO
ANNULUS

END WALL
INJECTION TUBES (10)
THRU-FLOW PORT

WINDOW FOR LIGHT-BEAM
TRAVERSE

WALL JETS (10)

HOLES CLOSED USING BLANK
WALL-JET INSERTS

INJECTOR RING

INJECTION TUBES (12)
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’

EFFECT OF CHANGES IN SIMULATED-FUEL
INJECTION CONFIGURATION ON CONTAINMENT

MULTIPLE~-FIXED-PORT VORTEX TUBE WITH PERIPHERAL BYPASS
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATIONS TESTED

SIMULATED FUEL~-FLUOROCARBON/IODINE MIXTURE, mg= 400

FIG. 9
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LOCAL SIMULATED-FUEL DENSITY

FiG. 10

EFFECT OF CHANGES IN SIMULATED-FUEL INJECTION CONFIGURATION
ON RADIAL DISTRIBUTION OF SIMULATED FUEL

SEE FI1G. 9 FOR CORRESPONDING CONTAINMENT DATA
MULTIPLE-FIXED-PORT VORTEX TUBE WITH PERIPHERAL BYPASS

SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATIONS TESTED
SIMULATED FUEL~-FLUOROCARBON/IODINE MIXTURE, mg= 400
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FIG. 11

EFFECT OF CHANGES IN THRU-FLOW CONFIGURATION ON CONTAINMENT
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DIRECTED-WALL-JET VORTEX TUBE

SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATIONS TESTED

SIMULATED FUEL~~ SULFUR-HEXAFLUORIDE/IODINE MIXTURE, mp= 146

SIMULATED-BUFFER~GAS INJECTION AREA, Aj =3.38 SQ IN.

Re, = 100 (CONSTANT), PERCENT BYPASS = 90 (CONSTANT)
Wg = 0.24 (CONSTANT), Re"j = 270,000 (CONSTANT), 3, =58
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!

LOCAL SIMULATED-FUEL DENSITY

FIG. 12
EFFECT OF CHANGES IN THRU-FLOW CONFIGURATION

ON RADIAL DISTRIBUTION OF SIMULATED FUEL

SEE Fi1G. 11 FOR CORRESPONDING CONTAINMENT DATA
DIRECTED-WALL-JET VORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATIONS TESTED
SIMULATED FUEL~-SULFUR-HEXAFLUORIDE/IODINE MIXTURE, mg= 146

SIMULATED-BUFFER-GAS INJECTION AREA, A; = 3.38 SQ IN.

Re, ~ 100 (CONSTANT), PERCENT BYPASS = 90 (CONSTANT),
Wg = 0.240 (CONSTANT), Re, ; = 270,000 (CONSTANT), 3, = 58
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FIG. 13

EFFECT OF RADIAL REYNOLDS NUMBER ON SIMULATED-FUEL CONTAINMENT

DIRECTED-WALL-JET VORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
SIMULATED FUEL- -SULFUR-HEXAFLUORIDE/IODINE MIXTURE; m= 146
SIMULATED-BUFFER-GAS INJECTION AREA, AJ- =3.38 SQ IN.

W= 0.240 LB/SEC (CONSTANT)
Re,,j = 270,000 (CONSTANT)
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FIG. 14
EFFECT OF RADIAL REYNOLDS NUMBER ON RADIAL DISTRIBUTION OF SIMULATED FUEL

SEE FIG. 13 FOR CORRESPONDING CONTAINMENT DATA
DIRECTED-WALL-JET YORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
SIMULATED FUEL—— SULFUR-HEXAFLUORIDE/IODINE MIXTURE; mg= 146
SIMULATED-BUFFER~GAS INJECTION AREA, A; = 3.38 SQ IN.
W= 0.240 LB/SEC (CONSTANT), R,eLl= 270,000 (CONSTANT)
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FIG. 15

SIMULATED-FUEL CONTAINMENT WITH NO BYPASS FLOW WITHDRAWAL

DIRECTED-WALL-JET VORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
SIMULATED FUEL~-NITROGEN/IODINE MIXTURE; mf = 29

SIMULATED~BUFFER-GAS INJECTION AREA, Aj = 1.69 5Q IN.
PERCENT BYPASS = 0 (CONSTANT)
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FIG. 16

TYPICAL RADIAL DISTRIBUTIONS OF SIMULATED FUEL

WITH NO BYPASS FLUW WITHDRAWAL
SEE FIG. 15 FOR CORRESPONDING CONTAINMENT DATA

DIRECTED-WALL-JET VORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION

SIMULATED FUEL--NITROGEN/IODINE MIXTURE; m =29
SIMULATED-BUFFER-GAS INJECTION AREA, AJ = 1.69 SQ IN.

PERCENT BYPASS = 0 (CONSTANT)

Wg = 0.0021 LB/SEC (CONSTANT)

B

14.9

12.8

11.2

14, 3¥nSs3¥d TV.L0L
34 3¥NSSIAd TVILAVA 1INS-QILYINWIS VD07
S © o 3 3
S S S = S
b S— — - =S

A ESBUPE S

Wp/Wg

6.4

12.2

23.5

Wg-LB/SEC

0.0132

0.0257

0.0502

Re,

56

110

214

Re 1,j

30,600

59,100

114,000

SYMBOL

3d

3

, ALISN3Q SV9~3¥34dN8—-aaLVINNIS
ALISN3A T3N4—AILVINWIS TVI0T

1.0

' LOWER TRAVERSE

RADIUS RATIO, ¢/r

UPPER TRAVERSE




Pe

Pp

‘

SIMULATED-BUFFER-GAS DENSITY

LOCAL SIMULATED-FUEL DENSITY

COMPARISON OF RADIAL DISTRIBUTIONS OF SIMULATED FUEL
FOR VORTEXES WITH DIFFERENT TANGENTIAL
REYNOLDS NUMBERS AND CONSTANT RADIAL REYNOLDS NUMBER

DIRECTED-WALL-JET VORTEX TUBE

SEE TABLE | AND FIGS.4 THROUGH 8 FORDETAILS OF CONFIGURATION
SIMULATED FUEL~-NITROGEN/IODINE MIXTURE; mg = 29
SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 1.69 SQIN.

Re, = 110 (CONSTANT) ,

Wg =0.0048 LB/SEC (CONSTANT)
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FI(;‘. 18
CONTAINMENT DATA OBTAINED WITH HELIUM/IODINE MIXTURE
AS SIMULATED FUEL

DIRECTED-WALL-JET VORTEX TUBE

SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION

Re, = 110 (CONSTANT) , mp=5
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LOCAL SIMULATED-FUEL DENSITY

!

SIMULATED-BUFFER-GAS DENSITY

RADIAL DISTRIBUTIONS OF SIMULATED FUEL OBTAINED
WITH HELIUM/IODINE MIXTURE AS SIMULATED FUEL

SEE FIG. 18 FOR CORRESPONDING CONTAINMENT DATA
DIRECTED-WALL-JET VORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
SIMULATED-BUFFER-GAS INJECTION AREA, Aj= 3.38 5Q IN.
CONSTANTS: Re, = 105, PERCENT BYPASS = 90%,

Wg =0.240 LB/SEC, Re,; =272,000, [, =54, ™_=35
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FIG. 20

CONTAINMENT DATA OBTAINED WITH NITROGEN/IODINE MIXTURE
AS SIMULATED FUEL

DIRECTED~WALL~JET VORTEX TUBE

SEE TABLE ! AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
Re, ~ 110 (CONSTANT),, mf= 29

SYMBOL| Aj=SQ IN. [ Re,; |Wg-LB/SEC | PERCENT BYPASS B
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FIG. 21

RADIAL DISTRIBUTIONS OF SIMULATED FUEL OBTAINED WITH NITROGEN/IODINE
MIXTURE AS SIMULATED FUEL

SEE FIG. 20 FOR CORRESPONDING CONTAINMENT DATA
DIRECTED-WALL-JET VORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
SIMULATED-BUFFER-GAS INJECTION AREA, A; = 3.38 SQ IN.
CONSTANTS: Re, = 107 , PERCENT BYPASS = 90%,
W = 0.240 LB/SEC, Re,,j=272,000, 3, = 54, m¢ = 29
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FIG

CONTAINMENT DATA OBTAINED WITH SULFUR-HEXAFLUORIDE/IODINE MIXTURE AS
SIMULATED FUEL

DIRECTED-WALL-JET VORTEX TUBE
SEE TABLE | AND FIGS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
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FIG. 23
RADIAL DISTRIBUTIONS OF SIMULATED FUEL OBTAINED e 2

WITH SULFUR-HEXAFLUORIDE/IODINE MIXTURE AS SIMULATED FUEL

SEE FIG. 22 FOR CORRESPONDING CONTAINMENT DATA
DIRECTED-~WALL-JET VORTEX TUBE
SEE TABLE | AND F1GS. 4 THROUGH 8 FOR DETAILS OF CONFIGURATION
SIMULATED-BUFFER-GAS INJECTION AREA, Aj = 3.38 SQ IN.

CONSTANTS:  Re, = 106, PERCENT BYPASS = 90%.
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